Introduction
============

Hepatocellular carcinoma (HCC) is one of the most common types of malignant neoplasms worldwide, causing \~700,000 mortalities annually ([@b1-ol-0-0-8539]). Overall, half of these cases and mortalities were identified to occur in China, and were attributed to the high prevalence of hepatitis B virus (HBV) infections and liver cirrhosis ([@b2-ol-0-0-8539],[@b3-ol-0-0-8539]). As a potentially curative treatment for liver cirrhosis and cancer, liver transplantation (LT) is widely used to treat selected patients with early-stage HCC, and it has the greatest benefit among all the established therapeutic options ([@b4-ol-0-0-8539],[@b5-ol-0-0-8539]). However, the frequent recurrence and high metastasis rates of HCC hinders positive outcomes for patients. Due to the multiple genetic alterations that are responsible for the progression of HCC ([@b6-ol-0-0-8539]), exploration of the molecular mechanism of HCC is important for disease diagnosis, treatment and prediction of outcomes.

MicroRNAs (miRNAs/miR) are a class of small, non-coding RNA molecules (containing \~22 nucleotides) identified in plants, animals and certain viruses. They function in RNA silencing and the post-transcriptional regulation of gene expression ([@b7-ol-0-0-8539],[@b8-ol-0-0-8539]). Increasing evidence supports a marked association between cancer and miRNAs ([@b9-ol-0-0-8539]). It is well documented that aberrant miRNA expression serves a significant role in carcinogenesis and cancer development ([@b10-ol-0-0-8539]). miRNAs may regulate the biological behaviors of cancer, including proliferation, apoptosis and invasion. Therefore, exploration of miRNAs may assist in identifying novel diagnostic or prognostic markers and treatment targets.

The Milan criteria ([@b11-ol-0-0-8539]) for identifying candidate patients with HCC for LT have been accepted worldwide. However, they ignore the molecular biomarker expression patterns in HCC and have been criticized for being too restrictive ([@b12-ol-0-0-8539]). Our prior studies aimed to explore more inclusive criteria for identifying LT candidates within the patients with HCC population ([@b12-ol-0-0-8539],[@b13-ol-0-0-8539]). The noncoding RNA molecules are potentially valuable markers that may assist in predicting HCC recurrence following LT, their aberrant expression was significantly associated with increased risk of recurrence ([@b14-ol-0-0-8539]). MicroRNA-424 (miR-424) was previously demonstrated to inhibit the proliferation and metastasis of HCC ([@b15-ol-0-0-8539],[@b16-ol-0-0-8539]). In the present study, the expression pattern of miR-424 in HCC tissues from patients who received transplant therapy, and its association with clinicopathological parameters were investigated, and the utility of miR-424 in predicting tumor recurrence in patients with HCC following LT was explored. The functional implications of miR-424 in HCC were also explored using *in vitro* and *in vivo* assays.

Materials and methods
=====================

### Patient samples

A total of 121 patients with HCC, who were treated with LT from January 2003 to December 2010 at The First Affiliated Hospital, Zhejiang University School of Medicine (Zhejiang, China), were enrolled in the present study. The inclusion criteria were as previously described ([@b17-ol-0-0-8539]). Ages of patients ranged from 41 to 73 years old and the male-female ratio was 112/9. All patients were HBV-surface antigen-positive (HBsAg^+^) and none were hepatitis C virus (HCV)-positive. The present study was approved by the Medical Ethics Committee of The First Affiliated Hospital of Zhejiang University, and written informed consent was obtained from all patients. The patients were diagnosed with HCC either prior or subsequent to transplantation via histopathological diagnosis. The complete clinical and laboratory data were available prior to surgery and during follow-up. The follow-up course and diagnostic criteria of recurrence have been previously described ([@b18-ol-0-0-8539]). The distribution of clinicopathological data in the study cohort is summarized in [Table I](#tI-ol-0-0-8539){ref-type="table"}. Specimens of cancer/noncancerous tissues and clinical information were available from these patients subsequent to obtaining written informed consent.

### Postoperative follow-up

The surviving patients were followed up at the outpatient clinic. The median follow-up duration was 25.12 months. Tumor recurrence was monitored by the α-fetoprotein (AFP) levels, ultrasonography, chest X-ray and emission computed tomography every 3 months for the first 2 years, and semiannually thereafter. Imaging techniques, either intrahepatically or extrahepatically (lymph nodes and distant metastases) were used to diagnose recurrence. However, a simple increase in the AFP did not conclusively indicate recurrence.

### Cell lines and chemical reagents

The normal liver cell line, LO2; liver cancer cell lines, SMMC-7721, Huh-7, HepG2, Bel-7402, and SK-HEP-1; and metastatic human HCC cell line, HCCLM3, were purchased from the American Type Culture Collection (Manassas, VA, USA), the Shanghai Institute of Cell Biology (Shanghai, China) and the Liver Cancer Institute of Fudan University (Shanghai, China). LO2, SMMC-7721 and BEL-7402 cells were cultured in RMPI 1640 (Biological Industries, Kibbutz Beit-Haemek, Israel); Huh-7, HepG2, SK-HEP-1 and HCCLM3 cells were maintained in Dulbecco\'s modified eagle\'s medium (DMEM; Biological Industries). All cells were incubated at 37°C in a humidified environment containing 5% CO~2~.

### Reverse transcription-quantitative polymerase chain reaction (RT-qPCR) analysis

TRIzol^®^ (Invitrogen; Thermo Fisher Scientific, Inc., Waltham, MA, USA) and miScript II RT kits (Qiagen, Inc., Valencia, CA, USA) were used to extract RNA from LO2, SMMC-7721, Huh-7, HepG2, Bel-7402 and SK-HEP-1 cell lines. Following incubation for 60 min at 37°C, the reverse transcription mix was placed in a water bath at 95°C and then transferred to refrigerator at 4°C. qPCR was conducted using the miScript SYBR-Green kit (Qiagen, Inc.) on an Applied Biosystems ABI 7700 System (Thermo Fisher Scientific, Inc.), according to the manufacturer\'s protocol. miR-424 primers were purchased from Qiagen, Inc. GAPDH was used as internal control, with sequences as follows: Sense, AGGTCGGAGTCAACGGATTTG and anti-sense, GTGATGGCATGGACTGTGGT59. For miR-424 detection, U6 snRNA was used as the endogenous control. Each experiment was performed in three replicates. The 2^−ΔΔCq^ method was used to analyze the PCR data ([@b19-ol-0-0-8539]).

### Cell model construction and infection

SK-HEP-1 (highest miR-424 expression) and Huh-7 cells (last but one low miR-424 expression, selected as they were more suitable for tumorgenicity) were infected with lentiviral vectors carrying a miRNA mimic/inhibitor or nonsense controls (NC2) (GenePharma Co., Shanghai, China) with polybrene, according to the manufacturer\'s protocol. The sequences were as follows: miR-424 inhibitor-1, 5′ CAGCAGCAATTCATGTTTTGAA3′; miR-424 inhibitor-2, 5′ TTCAAAACATGAATTGCTGCTG3′; NC2, 5′TTCTCCGAACGTGTCACGT3′.

### Analysis of cell viability, migration and invasion

Cell viability of the aforementioned transfected HCC cells (SK-HEP-1 and Huh-7) was determined using the CCK-8 assay (Dojindo Molecular Technologies, Inc., Kumamoto, Japan), according to the manufacturer\'s protocol. Cells (5×10^3^) were seeded into the wells of a 96-well plate. Subsequent to the cells being incubated at 37°C for different time periods (24, 48, 72 and 96 h), DMEM medium was replaced with 100 µl DMEM medium supplemented with 10 µl CCK-8 reagent. The cells were incubated for 2 h at 37°C. Finally, the optical density was measured at 450 nm.

Transwell invasion and migration experiments were conducted as previously described ([@b20-ol-0-0-8539]). Briefly, the polycarbonate membrane of the upper chamber was coated with Matrigel for invasion experiments. A total of 72 h after incubation, SK-HEP-1 and Huh-7 cells with corresponding virus transfection were collected for Transwell experiments. Cells (2×104) were seeded into the upper chambers, which contained DMEM medium without fetal bovine serum (Biological Industries). DMEM medium with 15% FBS was added to the lower compartments. After 24 h (for migration experiments) or 48 h (for invasion experiments), the cells on the lower surface were fixed in 95% methanol for 10 min at room temperature and stained for 20 min with 0.1% crystal violet at room temperature. The cells were counted and images were captured using digital microscopy (magnification, ×100). A total of 3 fields per filter were counted in each group. The experiments were performed in triplicate.

### Xenograft model analysis

To investigate the anti-proliferative effect of miR-424 on HCC cells *in vivo*, a model with nude mice bearing HCC cell xenografts was established: A total of fourteen five-week-old male athymic nude mice with a median weight of 14 g (Vital River Laboratory Animal Technology Co., Ltd., Beijing, China) were maintained under pathogen-free conditions and were provided with *ad libitum* access to sterilized food and water at 26--28°C and were exposed to light for 12 h every day. Huh-7 cells (5×10^6^) were infected with a miR-424 mimic or nonsense control, injected subcutaneously into the right armpit, near the chest, of each nude mouse. Seven mice were used in each group. Six weeks following the injection, the mice were sacrificed by removal of the cervical spine. The maximum tumor volume obtained in the mice was 1.8 cm^3^. Tumor volume=1/2 (length × width^2^).

### Statistical analysis

The experimental data are presented as the mean ± standard deviation or frequency. Continuous data were analyzed using unpaired Student\'s t-test to assess differences between the two groups. Categorical data were analyzed using the χ^2^ test. The recurrence-free survival probability was analyzed with the Kaplan-Meier method, and a log-rank test was used to estimate the differences between groups. Independent prognostic indicators were determined in the multivariate analysis using Cox\'s proportional hazards model. The expression correlation was analyzed by a two-tailed linear Spearman\'s rank test. All statistical analyses were performed using SPSS v.16.0 (SPSS, Inc., Chicago, IL, USA) and GraphPad Prism 5.0 (GraphPad Software, La Jolla, CA, USA). P\<0.05 was considered to indicate a statistically significant difference.

Results
=======

### miR-424 expression in liver cancer cell lines and the tissues of patients with HCC

The expression levels of miR-424 in a human normal liver cell line, LO2, and six liver cancer cell lines were measured using RT-qPCR. Of the 6 liver cancer cell lines, 5 (HCC-LM3, Huh-7, SMMC-7721, HepG2 and BEL-7402) expressed lower levels of miR-424 compared with the normal liver cell line ([Fig. 1A](#f1-ol-0-0-8539){ref-type="fig"}). Additionally, the relative expression levels of miR-424 in tumors and adjacent non-tumorous tissues from 121 patients with HCC were measured. The tumors expressed significantly lower levels of miR-424 compared with the adjacent non-tumorous tissues. Furthermore, recurrent tumors expressed lower miR-424 levels compared with non-recurrent tumors (P\<0.01; [Fig. 1B](#f1-ol-0-0-8539){ref-type="fig"}).

### Low mir-424 expression is associated with early tumor recurrence in patients with HCC following LT

To explore the utility of miR-424 as a promising molecular marker for predicting the prognosis of patients with HCC, the recurrence-free survival times between 121 patients with HCC who expressed high or low expression levels of mir-424 were compared, based on extensive clinical follow-up data. Firstly, mir-424 expression did not correlate with any, single clinicopathological characteristic in the 121 patients, including the age, sex, portal vein tumor thrombi, AFP, histopathological grade, tumor size or tumor number, when stratified by expression level (high or low) ([Table I](#tI-ol-0-0-8539){ref-type="table"}). Furthermore, the univariate recurrence-free survival analysis demonstrated that the tumor size, preoperative AFP level, PPTV, Milan criteria ([@b11-ol-0-0-8539]) and mir-424 expression serve as risk factors for tumor recurrence following LT ([Table II](#tII-ol-0-0-8539){ref-type="table"}). In addition, COX multivariate analysis revealed that for patients who no longer met the Milan criteria, a tumor size of \>5 cm and high mir-424 expression levels were independent risk factors for tumor recurrence following LT ([Table III](#tIII-ol-0-0-8539){ref-type="table"}).

The overexpression of miR-424 predicted earlier recurrence times in patients with HCC who underwent LT (P=0.029; [Fig. 1C](#f1-ol-0-0-8539){ref-type="fig"}). The results of the present study revealed that the Milan criteria effectively predicted the risk of tumor recurrence \[[Table III](#tIII-ol-0-0-8539){ref-type="table"}; no longer meeting vs. meeting, hazard ratio (HR)=3.743; P=0.007\] in patients following LT, which is consistent with previous studies ([@b16-ol-0-0-8539]). Notably, in patients who met the Milan criteria, additional classification based on miR-424 expression did not result in significant differences in the recurrence-free survival times (P=0.669; [Fig. 1C](#f1-ol-0-0-8539){ref-type="fig"}). However, patients who no longer met the Milan criteria and who exhibited increased miR-424 expression levels experienced earlier tumor recurrence following LT (P=0.012, [Fig. 1C](#f1-ol-0-0-8539){ref-type="fig"}). Taken together, these clinical data demonstrate that miR-424 expression is an important indicator for predicting tumor recurrence in patients with HCC following LT (P=0.029), which may also be valid in patients who no longer meet the Milan criteria (P=0.012).

### Effects of miR-424 expression on the proliferation, migration and invasiveness of HCC cells

SK-HEP-1 and Huh-7 cells were treated with an miR-424 mimic or miR-424 inhibitor. Consequently, miR-424 expression was effectively upregulated or downregulated ([Fig. 2A](#f2-ol-0-0-8539){ref-type="fig"}). The Transwell assay, CCK-8 assay and an HCC xenograft model demonstrated that the upregulation of miR-424 expression significantly reduced the migration, invasiveness ([Fig. 2B](#f2-ol-0-0-8539){ref-type="fig"}), proliferation ([Fig. 2C](#f2-ol-0-0-8539){ref-type="fig"}) of HCC cells, and also inhibited the tumor volume in nude mice ([Fig. 2D](#f2-ol-0-0-8539){ref-type="fig"}). The downregulation of miR-424 in HCC cells significantly promoted the migration, invasion and proliferation of hepatocellular carcinoma cells ([Fig. 2B and C](#f2-ol-0-0-8539){ref-type="fig"}).

Discussion
==========

LT is a potentially curative treatment for HCC. Despite the development of diagnosis and treatment protocols for HCC in previous decades, the prognosis of HCC remains poor. HCC frequently recurs following surgery, which is primarily attributable to the presence of microscopic extrahepatic metastatic foci prior to LT ([@b21-ol-0-0-8539]). This recurrence remains the major obstacle for improving the long-term survival rates of patients with HCC ([@b22-ol-0-0-8539]).

The Milan criteria are frequently used in patient selection for LT. However, the Milan criteria that ignore the molecular biomarker expression patterns have been criticized for being too restrictive, and patients with tumors beyond the Milan criteria may also have a satisfactory prognosis ([@b12-ol-0-0-8539]). The present study considers the lack of biological molecular markers to be a limitation of the Milan criteria. Biological molecules that reflect tumor characteristics or immunity status are valuable for addition to the LT criteria for patients with HCC, which is recurrently evaluated at The First Affiliated Hospital, Zhejiang University School of Medicine ([@b12-ol-0-0-8539]--[@b14-ol-0-0-8539],[@b17-ol-0-0-8539]).

The results of the present study revealed that in patients who are beyond the Milan criteria, those with increased miR-424 expression experienced a longer recurrence-free time. Patients with HCC beyond the Milan criteria, who exhibited a high miR-424 expression level in tumor tissues may be recommended as candidates for LT, thus potentially significantly increasing the number of patients with HCC who are eligible for LT. However, it appears too difficult to use a single molecular marker to efficiently diagnose HCC or predict recurrence ([@b23-ol-0-0-8539],[@b24-ol-0-0-8539]), which is also a limitation of the present study. However, the advance of high-throughput sequencing technology would promote the establishment of a diagnostic or prognostic model of multiple molecular biomarkers. Future studies may also evaluate additional molecular markers and patient samples to establish a prognostic model of recurrence and mortality in patients with HCC following LT, and explore improved prognostic criterion for LT in patients with HCC. The present study, along with our previous studies ([@b14-ol-0-0-8539],[@b17-ol-0-0-8539]), provides valuable insight for the establishment of such a model. A preoperative detection of miR-424 expression in liver biopsy specimens and circulating blood cells should be performed in future studies.

Additionally, the biological role of miR-424 in HCC cell proliferation and invasion was explored with *in vitro* assays. Knockdown of miR-424 promoted the invasion and proliferation of the HCC cell lines SK-HEP-1 and Huh-7. Upregulation of miR-424 significantly reduced the invasive capability and suppressed the growth of HCC cells *in vitro* and *in vivo*. The results of the functional assays conducted in the present study are consistent with those of prior studies ([@b15-ol-0-0-8539]), and theoretically support the clinical data concerning the role of miR-424 in predicting the prognosis of patients with HCC following LT. However, the precise mechanisms of miR-424-induced HCC cell invasion and proliferation regulation remain unclear.

In conclusion, the present study presents miR-424 as a valuable biomarker for predicting recurrence in patients with HCC following LT. These results are important for establishing additional molecular markers that may be used in a prognostic model for recurrence and mortality in patients with HCC following LT. The limitation of the present study is that additional exploration is required to determine the exact mechanisms by which miR-424 regulates malignant biological behavior in HCC cells.
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![miR-424 expression and its clinical significance. (A) Relative expression levels of miR-424 in the normal liver and in liver cancer cell lines. (B) Relative expression levels of miR-424 in tumors and adjacent non-tumorous tissues or in recurrent and non-recurrent tumors from 121 patients with HCC. (C) Comparisons of recurrence-free survival rates according to the expression of miR-424 in tumors from patients with HCC. The left graph includes all patients. The middle graph includes patients meeting the Milan criteria, and the right graph includes patients who no longer meet the Milan criteria. miR, microRNA; LT, liver transplantation; HCC, hepatocellular carcinoma.](ol-15-06-9126-g00){#f1-ol-0-0-8539}

![Effect of the miR-424 on the invasiveness and proliferation of SK-HEP-1 and Huh-7 cells. (A) Changes in miR-424 in HCC cells following miR-424 mimic or miR-424 inhibitor treatment for 48 h. (B) Change in the migration (upper panel) and invasiveness (lower panel) of HCC cells following miR-424 mimic or miR-424 inhibitor treatment for 48 h (magnification, ×100). The bars in the bar graph indicate the relative number of migrated or invaded cells per field (at magnification, ×400). (C) Following miR-424 mimic or miR-424 inhibitor treatment for 24, 48, 72 and 96 h, a CCK-8 assay was used to detect changes in cell viability. Huh-7 cells following miR-424 mimic or NC treatment were implanted subcutaneously into the flanks of nude mice. After 4 weeks, all the mice were sacrificed and the tumors volumes were measured. The maximum tumor volumes obtained in the mice was 1.8 cm^3^. Tumor volume=1/2 (length × width^2^). NC1 was the negative control for the miR-424 mimic. NC2 was negative control for miR-424 inhibitor. Data are presented as the mean ± standard deviation (t-test). miR, microRNA; NC, negative control; HCC, hepatocellular carcinoma.](ol-15-06-9126-g01){#f2-ol-0-0-8539}

###### 

Association between miR-424 expression and the clinicopathological features of patients with human hepatocellular carcinoma.

                                            Tumor miR-424 expression         
  ----------------------------------------- -------------------------- ----- -------
  Age, years                                                                 
    ≤50                                     30                         33    0.522
    \>50                                    31                         27    
  Sex                                                                        
    Male                                    55                         57    0.311
    Female                                    6                          3   
  Portal vein tumor thrombi                                                  
    Absent                                  39                         41    0.609
    Present                                 22                         19    
  Preoperative α-fetoprotein level, ng/ml                                    
    ≤400                                    27                         29    0.683
    \>400                                   34                         31    
  Histopathological grading                                                  
    Well + moderately                       33                         33    0.921
    Poorly                                  28                         27    
  Tumor size, cm                                                             
    ≤5                                      30                         40    0.051
    \>5                                     31                         20    
  Tumor number                                                               
    Single                                  21                         30    0.083
    Multiple                                40                         30    

miR, microRNA. Patients with HCC receiving liver transplantation were segregated into miR-424-high/low expression groups (calculation of cut-off was performed by receiver operating characteristics analysis).

Statistical analyses were performed with the χ^2^ test.

###### 

Univariate analyses of predictors of recurrence in patients with hepatocellular carcinoma following liver transplantation.

                                                                Tumor recurrence         
  ------------------------------------------------------------- ------------------ ----- ---------
  Tumor size, cm                                                                         
    ≤5                                                          45                 25    \<0.001
    \>5                                                           8                43    
  Preoperative α-fetoprotein level, ng/ml                                                
    ≤400                                                        32                 24    0.009
    \>400                                                       21                 44    
  Portal vein tumor thrombi                                                              
    Absent                                                      44                 36    \<0.001
    Present                                                       9                32    
  Milan criteria^[b](#tfn4-ol-0-0-8539){ref-type="table-fn"}^                            
    Within criteria                                             30                 11    \<0.001
    Beyond criteria                                             12                 68    
  miR-424 expression                                                                     
    Low                                                         34                   7   \<0.001
    High                                                        19                 61    
  Meeting Milan criteria, miR-424 expression                                             
    Low                                                         15                   3   0.669
    High                                                        19                   4   
  No longer meeting Milan criteria, miR-424 expression                                   
    Low                                                           8                35    0.012
    High                                                        11                 26    

Statistical analyses were conducted using the Kaplan-Meier method (log-rank test).

In the absence of macrovascular invasion, Milan criteria are met if a single tumor is ≤5 cm in diameter, or if ≤3 tumor nodules, each ≤3 cm in diameter, are present; miR, microRNA.

###### 

microRNA-424 expression in hepatocellular carcinoma is an independent predictive factor for recurrence in patients following liver transplantation.

                                    Cumulative recurrence   
  --------------------------------- ----------------------- -------
  Milan criteria                                            
    No longer meeting vs. meeting   3.743 (1.439--9.738)    0.007
  Tumor size, cm                                            
    \>5 vs. ≤5                      2.158 (1.205--3.864)    0.010
  microRNA-424 expression                                   
    High vs. low                    0.593 (0.363--0.969)    0.037

Cox\'s proportional hazards regression; CI, confidence interval.
